A novel type of separating heat exchanger, called a heat-integrated liquid−desorption exchanger (HILDE), applied to a typical CO 2 desorption process, has been investigated both numerically and experimentally. Process simulations, hydrodynamic and mass transfer experiments, and a preliminary cost evaluation have been used to compare HILDE to the conventionally used combination of a separate heat exchanger and desorber equipped with structured packing. The comparison revealed that the operational costs of the HILDE are 15% lower compared to the conventional desorption configuration, while the equipment costs are 45% lower. The reduction in operational costs is mainly caused by a reduced reboiler duty. The absence of a separate desorber column and a large decrease in the condenser size are the main reasons for the reduced equipment costs. Additionally, the system volume, mass hold-up, and total contact area are also expected to be significantly lower for HILDE.
Introduction
This study presents an evaluation and comparison of an alternative configuration for the desorption section of an absorption−desorption based CO 2 capture process. The two main units of this conventional configuration are the lean−rich heat exchanger and the desorption column, equipped with a condenser and reboiler. In a conventional desorber, roughly one-third of the energy requirement is used for the evaporation of water. The alternative configuration evaluated in this work lowers the energy requirement of the desorber by integrating the lean−rich heat exchanger and the desorber column, yielding a so-called heat-integrated liquid−desorption exchanger (HILDE). In this way, a separate desorption column is not necessary. The change from the current standard desorption configuration into a HILDE is schematically shown in Fig. 1 . Fig. 1 . Integrating the lean−rich heat-exchanger and the desorber in a single process unit: the heat-integrated liquid−desorption exchanger (HILDE, at the right). The grey dotted line in the desorption section represent the vapour-liquid interface.
Background on separating plate heat exchangers
The conventional lean−rich heat exchanger is typically a plate heat exchanger. Various types of plate heat exchangers exist; for example, exchangers with simple plates, exchangers with corrugated plates, and exchangers with fins in between the plates. In corrugated-plate heat exchangers, the corrugation directions of adjacent plates are normally either always similar or always opposite. Adjacent plates with opposite corrugation directions are in direct contact and show much geometrical resemblance with structured packing that is commonly used in separation columns. For this reason, they can potentially be used as process units with combined heat exchange and separation purposes.
For HILDE, a novel type of separating plate heat exchanger is envisioned. It is characterized by channels that are in between plates with the similar corrugations directions, alternating with channels that are in between plates with opposite corrugation directions. This configuration is schematically shown in Fig. 2 . Two-phase counter-currently flowing streams must always be passed through channels in between plates with opposite corrugation directions, while single-phase or two-phase co-currently flowing streams can also be passed through channels in between plates with the same corrugations directions. Such a configuration combines the advantages of independent channel volumes with the ones of a proper liquid distribution in two-phase counter-current flow, without the need of adding internals in the channels. Fig. 3 shows a schematic representation of the flow direction in a HILDE when used for CO 2 desorption. Fig. 3 . Flow directions between the corrugated plates of a HILDE applied to desorption; rich solvent and vapour are flowing counter-currently between plates with opposite corrugation directions, while lean liquid is flowing up between plates with similar corrugation directions. For aesthetic reasons, the plates with opposite corrugation directions are not in contact in the schematic; in reality they are.
HILDE for CO 2 desorption
Process flow sheets similar to HILDE ( Fig. 1 ) are present in the academic literature; reference [1] mentions a possible reduction of 33% to 50% in the specific reboiler duty, while reference [2] mentions an equivalent work reduction of 17% for such a configuration operating at a sub atmospheric pressure. However, neither reference [1] nor [2] mention a practical way of realizing such a heat-integrated desorber. HILDE is the first integrated process unit considered for this application.
Numerical evaluation of energetic performance
All configurations are simulated in AspenPlus V7.3.2 using the 'Rate_Based_MEA_Model' with an ENRTL-RK equation of state. The packing section of the desrober is divided into 20 segments and the 'Vplug' option is selected for the flow model, in order to obtain more accurate vapour outlet conditions compared to the default 'Mixed' option. The 'Countercurrent' option was not selected because it gave convergence problems. Otherwise, all default settings were used.
Base case characteristics
The base case includes the desorber with its reboiler and condenser, the lean−rich heat exchanger, as shown in Fig. 1 , and a first CO 2 compressor. As inlet to the system, an aqueous solution of 30 wt% mono-ethanolamine (MEA) with a loading of 0.48 mol CO 2 per mol MEA is used; it has a temperature of 50 °C and, to ensure that no desorption is occurring in the rich−lean heat exchanger, a pressure of 5 bar. A temperature approach of 5 °C is used at the cold side of the heat exchanger, resulting in a lean solvent temperature of 55 °C. The desorber is equipped with 10 m of Mellapak 250.X structured packing and operates at a pressure of 1.9 bar. Reboiler and condenser temperatures of 120 °C and 40 °C are used. The calculated specific thermal duty of the reboiler amounts to 3.8 MJ/kg CO 2 . Lean solvent leaving the reboiler has a loading of 0.21 mol CO 2 per mol MEA and the temperature of the CO 2 /H 2 O-stream entering the condenser is 106 °C. The heat transfer capacity of the lean−rich heat exchanger, given by the overall heat transfer coefficient multiplied by the total heat transfer area, is about 43 kW/°C per kg/s rich solvent.
Performance of HILDE
Preliminary black-box calculations show a specific energy duty of 2.4 MJ/kg CO 2 , assuming that the temperature difference between the gaseous CO 2 -stream and the rich solvent is the same as the difference between the rich solvent and the lean solvent, and that the energy transfer is evenly distributed over the exchanger. This duty corresponds to a potential reduction of 35% compared to the base case, mainly caused by the decreased temperature and steam contents of the CO 2 stream. More-detailed calculations, fully taking into account the profile of the temperature difference between the lean and rich solvent and the available heat transfer capacity, predict a specific energy duty of 3.3 MJ/kg CO 2 when using the same amount of heat transfer capacity as in the base case rich−lean heat exchanger. This corresponds to a reduction of about 15%, which is considerably lower than the theoretical maximum reduction. The smaller reduction is related to the outlet temperatures of the CO 2 and the lean liquid.
Experimental Setup
In order to experimentally investigate the performance of separating corrugated-plate heat exchangers, a benchscale experimental set-up has been developed. The aim of this set-up was to evaluate the hydrodynamics and the separation efficiency of the exchanger's separation channels. In order to do so, a set-up consisting of two plates was estimated to be sufficient.
An important step for the designing of the set-up was to determine the corrugation characteristics. This has been done based on typical characteristics of plate heat exchangers and structure packing, as listed in Table 1 . The selected characteristics are all within the ranges of both contactor types. Because the set-up consists of two plates only, no plate thickness needs to be selected. The specific surface area of the selected design was about 560 m 2 /m 3 . Fig. 4 shows a picture of the experimental setup and enlarged picture of a single corrugated element. In order to supply the vapour and liquid feeds to the space between the plates in a well-distributed way, two distributors were installed. Each distributor is fed by a central inlet tube, has 16 small holes that are all positioned in the middle of one of the 16 flow channels, and has closed ends. The corrugation elements and inlet distributors are housed in between two cover plates. In addition, these plates contain holes for the liquid and vapour outlets and for measurement lines towards a pressure drop sensor.
Experimental results
For all experiments, two types of corrugation configurations were investigated; one type that is representing the typical herringbone configuration used in corrugated plate heat exchangers, and another type that is representing the continues linear configuration used in structured packing. Both configurations are shown in Fig. 5 . 
Air pressure drop experiments
In order to study the hydrodynamics of the different configurations, the gas pressure drop is measured for both configurations as a function of the gas flow rate. A low pressure drop and, hence, low energy consumption is very important in the performance of vapour-liquid separators. Fig. 6 shows the comparison of the pressure drop between the herringbone configuration of heat exchangers (HILDE configuration) and the continuous linear configuration of structured packing (packing configuration). For the HILDE configuration, the pressure drop is lower than for the packing configuration. 
Liquid−gas flooding point and pressure drop experiments
In order to calculate the maximum liquid-gas capacity for each configuration, the flooding point is measured for different liquid flows. In the packed column the liquid is flowing down and the gas flowing up. The drag of the gas slows down the liquid flow which tries to drain downward in the column. The point at which liquid cannot flow down as fast as it is coming into the column is called the "flooding point". The flooding point was easily detected in the experiments by visual observation and a fast increment in the pressure drop. Fig. 7 gives the flooding points for the herringbone configuration of heat exchangers and the continuous linear configuration of structured packing. For the same liquid flow, the HILDE configuration was reaching the flooding point at a lower F-factor than the packing configuration. Thus, the HILDE configuration shows lower gas capacity than the packing configuration. Therefore, a bigger column is necessary to obtain the same gas capacity.
For both configurations, several experiments are performed to study the pressure drop at different liquid flows. Fig. 8 shows the pressure drop given for the HILDE configuration at different gas flow with and without liquid flow through. For all experiments the pressure drop is increasing with a higher liquid and gas flow. 
MEA−CO 2 absorption experiments
In order to assess the mass transfer performance of the systems, the CO 2 capture efficiency of both configurations is compared as function of the gas flow rate. In addition, the performance of the HILDE configuration is studied with two different liquid flow rates. Absorption experiments were performed instead of desorption experiments, Comparing the HILDE configuration with the packing configuration at the same liquid and gas flow rate, the HILDE configuration shows approximately an increment of 10% in the CO 2 capture rate. Thus, for the same capture efficiency, the height of the column could be lower when using the HILDE configuration than in the case of the packing configuration. When the CO 2 capture is not 100% yet, an increment of the capture efficiency is to be expected when the liquid flow is increased. Fig. 9 shows two experiments using the HILDE configuration at different liquid flows. It is observed that the performance is indeed increased when the liquid flow rate is increased.
Discussion
Based on the experimental results, it is possible to draw some comparative conclusions focusing on the differences between the HILDE and the packing configurations. In section 4.2 it was shown that the flooding point of HILDE occurs at lower F-factors than for the packing. However, for increasing liquid loads the flooding point decreased slower for HILDE than for the packing. In a typical CO 2 desorption system, the ratio between the actual liquid load and the F-factor (B/F) increases from 50 at the bottom to 70 at the top. So the highest gas capacity is located at the bottom of the desorber. By assuming operation at 80% of the flooding point gas capacity and by extrapolating the results in section 4.2, it can be estimated that the target B/F flood ratio occurs at an F-factor of 2.1 for HILDE and 2.2 for the packing. So at typical operating conditions, a desorber using the HILDE configuration needs to have a cross-sectional area that is about 5% larger than a desorber using structured packing.
When combining these numbers with the results from section 4.1, it is possible to say something about the typical pressure drops of the two systems. At an F-factor of 1.7, the pressure drop for the packing configuration is about 1.4 mbar/m, while it is about 1.0 mbar/m at an F-factor of 1.6 for HILDE. Assuming that the ratio between these two values is the same when increasing the liquid loading, this means that at typical operating conditions, a desorber using the HILDE configuration has a pressure drop which is about 25% smaller than a desorber using structured packing. Or alternatively, a desorber using structured packing should have a 15% larger cross-sectional area than a desorber using the HILDE configuration in order to obtain the same pressure drop. As a result, the packed desorber is operating below its maximum gas capacity. The required height of the desorber is related to the separation performance of the contactor, which is investigated in section 4.3. It was found that at the same gas flow, the HILDE configuration can use a smaller height than packing in order to achieve the same separation requirement. However, it has just been concluded that the packed desorber should have a 15% larger cross-sectional area, decreasing its F-factor and thus increasing its CO 2 removal capacity. This results in the same separation performance as of the HILDE.
Overall comparison of HILDE

Size comparison
Based on the experimental results and the general system properties, it is possible to draw some comparative conclusions focusing on the size differences between HILDE and the conventional configuration: they are shown in Table 2 . Table 2 . Change in design sizes when comparing a HILDE used for CO2 desorption with the conventional combination of a separate heat exchanger and desorber.
System volume -15% Mass hold-up -30% Total contactor area -50%
The volume of the HILDE will be equal to 50% of the original heat exchanger plus 85% of the original desorber, which results from the decrease in cross-sectional area given in section 4.4. The first reduction is a logical result of integrating the two units. In the case of two separate units, the lean liquid is flowing through both of them. But when using HILDE, those two passes are combined into a single one. Because the desorber volume is in general about 25 times larger than the heat exchanger volume, HILDE can in total be about 15 to 20% smaller than the two separate units. The change from three liquid passes through the system to two liquid passes is also the reason for the decrease in mass hold-up.
The total contactor area can be reduced with 50% in HILDE. For the two separate units, separate contactor areas are used; the heat exchange area and the structured packing area. By integrating these two units, the same contactor area can be used for both functionalities, reducing the required total area with 50%. An additional decrease in heat transfer area can be expected due to an anticipated increase in the overall heat transfer coefficient. In the conventional heat exchanger, both sides of the heat transfer area contain forced flowing liquids. However, in HILDE one side contains forced flowing liquid while the other side contains a free flowing liquid in which steam is condensing and from which CO 2 is desorbing. This potential decrease in required heat transfer area should be investigated experimentally.
Operational comparison
In section 2.2, an energetic comparison is made between HILDE and a conventional combination of heatexchanger and desorber. Typical operating conditions for a desorption process using 30 wt% MEA for CO 2 capture from a coal-fired power plant were assumed, based on a rich liquid flow rate of 1 kg/s. These comparison results have now been scaled to match the CO 2 capture capacity of the ROAD project (Rotterdam Opslag en Afvang Demonstratie), capturing 250 MW el equivalents of CO 2 from a coal-fired power plant, which is equal to about 1.1 million tons of CO 2 per year. An overview of the most important stream and process unit properties is shown in Table 3 and Table 4 . Input parameters are underlined.
The main results of the operational comparison are summarized in Table 5 . As was also shown in section 2.2, the reboiler duty of HILDE is lower than the conventional configuration. The required condenser duty diminishes because most of the condensation is already taking place inside the HILDE. Due to an increase in the lean liquid outlet temperature, the duty of the lean solvent cooler upstream of the absorber is almost doubled. Overall, the cooling duty decreases with about 20%. In combination with the decreased reboiler duty, the operational costs are expected to reduce with about 15%. now, a height of 10 m is assumed for HILDE. This number is based on the typical packing heights that are currently used for CO2 desorbers. Since the CO2 transfer in these desorbers is rather limited by the energy supply than by reaction kinetics, it is expected that the height of HILDE can be further reduced. The minimum required height should be one of the focus points of follow-up research. 
Equipment cost comparison
Based on the operational details given in section 5.2, an (uninstalled) equipment cost estimate has been made, comparing HILDE with a conventional configuration. The cost estimation of the conventional configuration is partly derived from a more-detailed cost estimation based on a process simulation of the entire ROAD plant using Aspen Plus and vendor quotations. Because some of the operating conditions were slightly different compared to the ones assumed in the comparison in section 5.2, the costs of the conventional process are obtained by linear scaling based on the main equipment parameter. Cost estimates for the main heat-exchanger and reboiler are provided by an undisclosed heat-exchanger manufacturer, based on the operating conditions given in section 5.2.
Linear scaling has also been used to estimate the costs of the reboiler, condenser, and cooler used for the HILDE configurations, based on the heat duty. For the main heat-exchanger two cases are evaluated: a case using 10m long plates that also incorporate the reboiler functionality, and a case using a series of multiple short plates. The results are shown in Table 6 . Table 6 shows that a reduction in the equipment costs of 45% can be achieved when using a process based on HILDE that is using multiple short plates in series, instead of a process using the conventional combination of heatexchanger and desorber. The main gains are related to the absence of a separate desorber and to a large decrease in the condenser size. When using long plates, the heat exchanger becomes considerably more costly, but an overall reduction of 15% in the equipment costs is still possible due to the absence of a separate reboiler. This makes HILDE a very interesting configuration for further development, especially when also taking into account the expected decrease in the operational costs. The current comparison does not take into account the costs associated with the absorber and the CO 2 compression train, which also account for a considerable part of the total costs of a CO 2 capture process.
Conclusion
The performance of HILDE has been evaluated when applied to a CO 2 desorption process. Process simulations, hydrodynamic and mass transfer experiments, and a preliminary cost evaluation have been used to compare HILDE to the conventionally used combination of a separate heat exchanger and desorber equipped with structured packing. The comparison revealed that the operational costs of the HILDE are 15% lower compared to the conventional desorption configuration, while the equipment costs are 45% lower. The reduction in operational costs is mainly caused by a reduced reboiler duty. The absence of a separate desorber column and a large decrease in the condenser size are the main reasons for the reduced equipment costs. Additionally, the system volume, mass hold-up, and total contact area are also expected to be significantly lower for HILDE.
